Brucella spp. are facultative intracellular pathogens that have the ability to survive and multiply in professional and nonprofessional phagocytes and cause abortion in domestic animals and undulant fever in humans. The mechanism and factors of virulence are not fully understood. To identify genes related to internalization and multiplication in host cells, Brucella abortus was mutagenized by mini-Tn5Km2 transposon that carryied the kanamycin resistance gene, 4,400 mutants were screened, and HeLa cells were infected with each mutant. Twenty-three intracellular-growth-defective mutants were screened and were characterized for internalization and intracellular growth. From these results, we divided the mutants into the following three groups: class I, no internalization and intracellular growth within HeLa cells; class II, an internalization similar to that of the wild type but with no intracellular growth; and class III, internalization twice as high as the wild type but with no intracellular growth. Sequence analysis of DNA flanking the site of transposon showed various insertion sites of bacterial genes that are virulence-associated genes, including virB genes, an ion transporter system, and biosynthesis-and metabolism-associated genes. These internalization and intracellular-growth-defective mutants in HeLa cells also showed defective intracellular growth in macrophages. These results suggest that the virulence-associated genes isolated here contributed to the intracellular growth of both nonprofessional and professional phagocytes.
Brucellosis is a major bacterial zoonosis that causes a serious debilitating disease in humans and abortion and sterility in domestic animals. The etiologic agents of brucellosis are Brucella spp., small gram-negative and facultative intracellular pathogens that can multiply within professional and nonprofessional phagocytes (9, 10) . In contrast to other intracellular pathogens, Brucella species do not produce exotoxins, antiphagocytic capsules or thick cell walls, resistance forms, or fimbriae and do not show antigenic variation (16) . A key aspect of the virulence of brucella is its ability to proliferate within professional and nonprofessional phagocytic host cells and thereby successfully bypasses the bactericidal effects of phagocytes, and their virulence and chronic infections are thought to be due to their ability to avoid the killing mechanisms within host cells (30, 41) . The molecular mechanisms and genetic basis for intracellular survival and replication, however, are not understood completely. Some studies with nonprofessional phagocytes have shown that Brucella invades host cells and is contained within early endosome-like vacuoles. These vacuoles rapidly fuse with early autophagosomes that acquire vacuolar [H ϩ ]ATPase and lysosome-associated membrane proteins (LAMP), mature into a late autophagosome, inhibit fusion with lysosomes, and finally become a replicating vacuole normally associated with the endoplasmic reticulum (5, 11, 31, 32) . The genetic basis of Brucella virulence is still poorly understood. The VirB type IV secretion system of Brucella has been identified recently (29) . This operon is composed of 13 open reading frames (ORFs) that share homology with other bacterial type IV secretion systems in the intracellular trafficking of pathogens. Deletion or polar and nonpolar mutations of these ORFs were not able to replicate and survive within phagocytes (39, 44) . Thus, the VirB proteins of B. abortus are thought to be constituents of the secretion apparatus.
To identify bacterial virulence genes, transposon mutagenesis is the most frequently used approach as a genetic tool (19) . Various mini-Tn5 derivatives carrying standard selectable antibiotic resistance markers have been described for genetic analysis (6) . Transposon insertion in any Brucella gene concerned with intracellular survival and replication may reduce the virulence of Brucella in phagocytes or experimental animals, and the identification of Brucella virulence associated genes may be easier.
We identified here several genes that encode factors required for the internalization and intracellular growth of B. abortus within professional and nonprofessional phagocytes by using mini-Tn5Km2 transposon, and we examined their characteristics. The virulence of mutants was evaluated by infecting mice with transposon mutants. Possible roles in the virulence of Brucella for the different factors identified are discussed.
MATERIALS AND METHODS
Bacterial culture and media. All B. abortus derivatives were from 544 (ATCC 23448), smooth virulent B. abortus biovar 1 strains. B. abortus strains were maintained as frozen glycerol stocks and were cultured in brucella broth (Becton Dickinson, Sparks, Md.) or brucella broth containing 1.5% agar. Kanamycin (30 g/ml) and nalidixic acid (25 g/ml) were used when necessary. Escherichia coli DH5␣ and E. coli S-17pir pUT mini-Tn5Km2 were used for transformation and transposon conjugation, respectively (17, 40) . Each E. coli was cultured in LuriaBertani broth or agar. If necessary, ampicillin (100 g/ml) and kanamycin (30 g/ml) were used. Bacterial growth rates were measured spectrophotometrically at 600 nm.
A modified version of the antibiotic agar dilution method of the National Committee for Clinical Laboratory Standards was used for determination of MIC for gentamicin (35) . The MIC was defined as the lowest concentration of the antibiotic tested giving complete inhibition of bacterial growth compared with drug-free control.
Cell culture. HeLa cells were grown at 37°C in a 5% CO 2 atmosphere in Eagle minimum essential medium (MEM; Sigma, St. Louis, Mo.) containing 10% fetal bovine serum (FBS). Bone marrow-derived macrophages from female BALB/c mice were prepared by the method described previously (42) . After culture in L-cell conditioned medium, the macrophages were replated for use by lifting cells in phosphate-buffered saline (PBS) on ice for 5 to 10 min, harvesting by centrifugation, and resuspension in RPMI 1640 (Sigma) containing 10% FBS. The HeLa cells or macrophages were seeded (2 ϫ 10 5 to 3 ϫ 10 5 per well) in 24-well tissue culture plates 1 day before infection for all assays.
Construction of mini-Tn5Km2 mutants. To obtain a selectable marker for conjugation, mini-Tn5Km2 transposon (6) carrying the kanamycin resistance gene was introduced into pUT, a transposon donor vector, to form pUT miniTn5Km2. The mini-Tn5Km2-bearing plasmid pUT mini-Tn5Km2 was introduced into B. abortus from an E. coli K-12 derivative, SM17pir (7), by conjugation, and transposon mutagenesis of B. abortus by conjugation was done as described previously (17, 27) . The mutants thus obtained were purified on agar plates containing kanamycin (30 g/ml) and were screened intracellular growth defective mutants within HeLa cells, and the mutants were kept in 20% glycerol in brucella broth at Ϫ80°C.
Infection and intracellular survival assay. Bacterial infection and intracellular survival assay was done by using the modified method described previously (43) . Briefly, B. abortus mutants were deposited onto HeLa cells grown on 96-well microtiter plates filled with MEM plus 10% FBS at a multiplicity of infection of 20, centrifuged at 150 ϫ g for 10 min at room temperature, incubated at 37°C in 5% CO 2 for 1 h, washed twice with 0.5 ml of sterile PBS, and incubated with MEM plus gentamicin (30 g/ml) for 48 h. After incubation, the cells were washed and lysed with 0.1 ml of sterile distilled water, and 25 l of the sample was dropped onto brucella agar and was incubated at 37°C for 48 h. After incubation, no growth samples on brucella agar were considered intracellulargrowth-defective mutants and were selected. This assay was done at least three times.
DNA sequencing. The DNA was sequenced by the following standard techniques (37) . Chromosomal DNA of the mutants was digested with EcoRI, cloned to plasmid pBluescript II KS(ϩ) (Toyobo, Tokyo, Japan), transformed into E. coli DH5␣, and plated onto Luria-Bertani agar containing ampicillin (100 g/ml) and kanamycin (30 g/ml). Plasmid DNA was extracted by using the plasmid Mini Kit (Qiagen), and the chromosomal DNA sequence was analyzed by using the mini-Tn5Km2 transposon OЈ-end primer (5Ј-CCTCTAGAGTCGACCTGC AG-3Ј). The chromosomal DNA sequence database was searched by using BLASTX and BLASTN search algorithms (http://www.genome.ad.jp/and http:// www.ncbi.nml.nih.gov/blast/).
Southern blot analysis. After chromosomal DNA was extracted, it was digested for 2 h with BamHI restriction enzymes (none of which digest a DNAspecific probe for mini-Tn5Km2), separated by electrophoresis in 0.8% agarose, and transferred to positively charged nylon membranes. A 1.7-kb EcoRI and XbaI fragment that contained the kanamycin resistance gene of mini-Tn5Km2 was labeled by using a biotin nonisotopic labeling kit, and it was used as the DNA probe for Southern hybridization under stringent conditions. Determination of efficiency of bacterial uptake and intracellular growth by cultured HeLa cells and macrophages. To determine the uptake of bacteria and intracellular growth, HeLa cells and mouse bone marrow-derived macrophages were infected with B. abortus as described above. For analysis of bacterial uptake efficiency, both types of cells were washed once with medium after 0, 5, 15, 25, and 35 min of incubation at 37°C and then incubated with MEM or RPMI 1640 with gentamicin (30 g/ml) for 30 min. Both types of cells were then washed three times with PBS and then lysed with distilled water. CFU were measured by serial dilutions on brucella plates. For intracellular growth efficiency, both infected cells were incubated at 37°C for 30 min, washed once with medium, incubated with MEM or RPMI 1640 plus gentamicin (30 g/ml), and then incubated for 2, 24, and 48 h. Cell washing, lysis, and plating procedures were the same as for the analysis of the efficiency of bacterial uptake. The percent protection was calculated by dividing the number of bacteria surviving the assay by the number of bacteria in the infectious inoculum, as determined by viable counts.
LAMP-1 staining. LAMP-1 staining was performed by using the method described previously (43) . Briefly, infected macrophages were fixed in 4% periodate-lysine-paraformaldehyde-sucrose for 1 h at 37°C. All antibody-probing steps were for 1 h at 37°C. Samples were washed three times in PBS for 5 min and then permeabilized at Ϫ20°C in methanol for 10 s. After three 5-min incubations with a blocking buffer (2% goat serum in PBS), the samples were stained with anti-LAMP-1 rat monoclonal antibody 1D4B diluted 1:100 in blocking buffer. After three washes for 5 min in blocking buffer, the samples were stained with Texas red-goat anti-rat immunoglobulin G. The samples were stained with anti-B. abortus polyclonal rabbit serum and fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G in blocking buffer to identify the bacteria, placed in mounting medium, and then visualized by fluorescence microscopy. One hundred bacteria within macrophages were selected randomly, and the extent of LAMP-1 acquisition of bacteria was determined.
Bacterial adherence assay. Bacterial adherence was assayed by a previously described method (45) . Briefly, before bacterial infection HeLa cells were incubated with MEM containing cytochalasin D (500 g/ml) for 40 min at 37°C, and bacterial infection, fixation, staining, and microscopic evaluation were done as described above for bacterial detection. One hundred HeLa cells were selected randomly, and the adherent bacteria on cells were counted.
Labeling bacterial surface proteins. To examine the modification of bacterial surface proteins, 1-ml samples of cultured bacteria were harvested by centrifugation, washed twice with PBS, and suspended in 200 l of PBS. Then, 10 l of 1% of Sulfo-NHS-Biotin (Pierce, Rockford, Ill.) was added, and the mixture was placed on ice for 2 min. NHS ester reacts with the deprotonated form of the primary amine. After one wash with PBS, each sample (40 g) was mixed with sodium dodecyl sulfate sample buffer, incubated at 100°C for 5 min before loading, and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were electrotransferred to nitrocellulose membranes and were incubated with horseradish peroxidase-conjugated streptavidin. The blot was developed with Western blot detection reagents (Amersham Pharmacia Biotec).
Virulence in mice. The virulence was determined by quantifying the survival of the strains in the spleen after 10 days. Six-week-old female BALB/c mice were infected intraperitoneally with ca. 10 4 CFU of brucellae in 0.1 ml of saline. Groups of five mice were infected with each strain. At 10 days postinfection the mice were sacrificed by decapitation, and their spleens were removed, weighed, and homogenized in saline. Tissue homogenates were serially diluted with PBS and were plated on brucella agar to count the number of CFU in each spleen.
RESULTS

Isolation of intracellular-growth-defective mutants.
To identify intracellular-growth-defective mutants within HeLa cells, we randomly mutagenized B. abortus with the miniTn5Km2 transposon, and mutants were selected on brucella plates containing antibiotics. Nonmutagenized bacteria did not grow, but mutants carrying the transposon inserted in the chromosome were resistant to antibiotics. From this result, 4,400 mutants were screened, and HeLa cells were infected with each mutant, and then intracellular-growth-defective mutants were screened (see Materials and Methods); 23 of the mutants did not survive within HeLa cells (Table 1) . To confirm how many of each clone contained the transposon insertion site and whether mutants contain the transposon in chromosomal DNA, the chromosomal DNA of all mutants was extracted, digested with BamHI (no site in the transposon), and then hybridized by Southern blot analysis with a mini-Tn5Km2 probe; all mutants contained a single transposon in chromosomal DNA (data not shown).
Characterization of mutants. To investigate whether internalization into host cells of B. abortus contributes to intracellular growth, HeLa cells were infected with each mutant, and the ability of bacterial internalization was assessed. Of the 23 insertion mutants 2, K18 and K41, lost their ability to internal-
ize almost completely, and these mutants were classified as class I strains. Four mutants-K15, K19, K48, and W27-showed the same ability to internalize as the wild-type strain, and they were classified as class II strains. The other 17 mutants showed an ability to internalize that was twice as high as the wild-type strain, and they were classified as class III (Table  1) . Figure 1A and 2A show typical results of using one mutant in each class at various times of incubation. To eliminate the possibility that these results were caused by a change in sensitivity to gentamicin, the sensitivity of these mutants to gentamicin was tested. The wild-type strain and each mutant showed identical sensitivities to gentamicin. The intracellular survival of Brucella spp. has been documented for several cell types. B. abortus shows a different intracellular trafficking pattern between professional and nonprofessional phagocytes (1, 11, 30) . To analyze whether virulence-associated genes isolated in the present study share intracellular growth between professional and nonprofessional phagocytes, bone marrow-derived macrophages were infected with each mutant, and its internalization and intracellular growth within macrophages was examined. The results of the internalization and intracellular growth of mutants were compared to those with the wild-type strain. All class I strains, two class II strains (K15 and K19), and three class III strains (K6, K9, and K11) showed a three-fold-lower ability to internalize than the wild type and no intracellular growth within macrophages. The other 2 class II strains and 14 class III strains showed an ability to internalize similar to the wild type and no intracellular growth within macrophages. Figure 1B and 2B show typical results of using one mutant in each class after various incubation times.
Phagosomes containing virulent B. abortus are reluctant to fuse with lysosomes, whereas dead B. abortus phagosomes colocalize with endocytic compartments in the early stage of infection in macrophages (1) . To test the ability of B. abortus to target properly within macrophages early in infection, interaction of the mutants with the endocytic pathway was quantified by immunofluorescence localization of LAMP-1, a membrane protein of late endosomes and lysosomes (3, 21) . As expected, most phagosomes containing the wild-type strain did not colocalize with LAMP-1 (12.3% Ϯ 3.4% positive). In contrast, phagosomes containing a mutant in each class were frequently stained brightly by LAMP-1 antibody at 30 min of incubation (Fig. 3) . This finding suggests that, in contrast to the wild-type strain, these mutants are colocalizing with either late endosomes or lysosomes.
To investigate whether adherence of the mutants to HeLa cells contributes to bacterial internalization ability, the initial adherence of the mutants to HeLa cells was analyzed. Class II and III strains showed an adhesion ability twice as high as that of the wild-type strain and class I strains. Figure 4 shows typical results of using one mutant in each class after various incuba- tion times. Biotin-labeled bacterial surface proteins of these three strains were analyzed by immunoblotting. The protein band pattern of K18 (class I) changed markedly more than other mutants (Fig. 5 ).
To determine whether this defect in internalization and intracellular replication of B. abortus correlates with an inability to establish infection in the host, we experimentally infected mice with B. abortus. Many bacteria were recovered from the spleens of mice infected with the wild-type strain at 10 days postinfection (5.4 ϫ 10 6 CFU/spleen), but fewer bacteria were recovered from mice infected with class III mutant, K63 (5.5 ϫ 10 1 CFU/spleen) (Fig. 6) . Unexpectedly, many bacteria were recovered from the spleen of mice infected with class I mutant K18 (1.9 ϫ 10 7 CFU/spleen), and class II mutant K19 showed an intermediate phenotype (6.8 ϫ 10 3 CFU/spleen) (Fig. 6 ). Sites of mini-Tn5Km2. Chromosomal DNA was prepared from 23 mutants, digested with EcoRI, and cloned to plasmid pBluescript II KS(ϩ). The resulting plasmid DNA was analyzed by using a mini-Tn5Km2 transposon OЈ-end primer (see Materials and Methods). An insertion site of all mutants was identified, and their gene products, ORFs, and gene location (Table 1) . From this result, 7 genes were located on chromosome I, 14 genes were located on chromosome II, and 1 gene whose gene product is dihydroorotase was located on both chromosomes. The ORF was found by searching the BLASTX and BLASTN search algorithms. The mini-Tn5Km2 insertions of all class I and II strains were outside the VirB complex. Eight of the class III mutants had the mini-Tn5Km2 in the VirB complex (Table 1) .
DISCUSSION
Our results did not identify any virulence factors such as toxins or secreted proteins able to interact with host cells, except the already-known VirB secretion system (8, 29, 39) . Nineteen mutants were affected in internalization into HeLa cells under the experimental conditions used. The majority of the mutations resulting in intracellular growth defect affected genes acting in housekeeping functions, thus confirming results previously obtained by transposon mutagenesis (8, 17, 24) .
In the defective internalization phenotype of class I mutants, the mini-Tn5Km2 was inserted in either the gnd and spoT gene, which had been identified as essential for intracellular growth of Brucella suis (24). 6-Phosphogluconate dehydrogenase is the third enzyme of the pentose phosphate pathway, one of two central routes of intermediary carbohydrate metabolism. Since the surface proteins of K18 changed markedly, the enzyme would affect the biosynthesis of the outer membrane that may participate in bacterial internalization. However, the survival in mice of K18 was similar to that of the wild-type strain. Although the unusual result in the present study is difficult to explain, different genes may contribute to intracellular growth in macrophages and virulence in mice. Spleen colonization profiles are generally examined for a number of weeks postinfection to evaluate the persistence of a Brucella strain in animal models. In a mouse model with wild-type Brucella, the number of bacteria in the spleen peaked at 4 days postinfection, followed by a 10 4 -fold decrease until day 18 postinfection. Also, the weight of spleens increased and peaked by ca. 10 days postinfection. After 11 days, the splenomegaly was followed by a rapid reduction of weight (13) . Based on the results of the present study, we set up the single time point of 10 days postinfection and evaluated the persistence and chronic infection in mice. One explanation of the phenotype of K18 in the mouse model is that 10 days after infection may be too early of a time point to determine whether a mutant is attenuated or not. Macrophages are widely known as cells that play an important role in inflammatory processes, as well as in the initiation, maintenance, and control of primary and secondary immune responses. The execution of these activities is mediated by complex and multifunctional processes involving macrophage secretory cytokines. Therefore, K18 may show different phenotype in cultured macrophages and in peritoneal immune cells. Another explanation is that gnd is not essential for intracellular growth in macrophages in a peritoneal environment or escape from the host immune system. Guanosine-3Ј,5Ј-bispyrophosphate (ppGpp) metabolism controls the expression of virulence by Legionella pneumophila (18) . ppGpp initiates developmental programs that are critical for surviving periods of starvation in a variety of environmental microbes (20) . Thus, ppGpp 3Ј-pyrophosphohydrolase (SpoT) would influence the expression of B. abortus virulence under intracellular conditions.
All class II genes (zwf, purN, pth, and pncA) and seven class III genes (znuA, aspC, purL, purM, pyrC, cydC, and dacF) are newly identified by our study. However, genes associated with the functional groups of amino acid synthesis, sugar metabolism, DNA/RNA metabolism, and oxidoreduction had been identified as essential for intracellular growth of B. abortus and B. suis (12, 14, 17, 24) . Five enzymes in the purine or pyrimidine biosynthesis pathway encoded by purL, purM, purN, pyrB, and pyrC were identified as virulence-associated genes. These biosynthesis pathways would contribute to intracellular growth, confirming previous results on the attenuation of purE mutants from B. melitensis (12) and of purD, purF, carAB, pyrB, and pyrD from B. suis (24) . The earlier works described dnaK and dnaJ encoding heat shock protein of B. suis showed different intracellular growth phenotypes (23) . Also, Shigella flexneri auxotrophic mutants that harbor mutations in the aromatic amino acids (aroB, aroC, and aroD) showed different degrees of virulence, including epithelial cell invasion and intracellular growth in vitro, as well as in vivo (2) . In the present study, we detected some mutants that have the same metabolic pathway but a different internalization phenotype. From these results, we speculate that each step of the metabolic pathway may contribute to internalization differently.
Several genes among class II and III mutants that participate in bacterial virulence may decrease B. abortus virulence. The insertion sites of strains K2, K15, or K54 were inside the genes: a high-affinity zinc uptake system protein that is a znuA homologue, glucose-6-phosphate-1-dehydrogenase, or a transport ATP-binding protein that is a cydC homologue, respectively. The znuA gene of Haemophilus ducreyi encodes a 32-kDa protein that is homologous to the ZnuA protein of E. coli and is part of a growing family of prokaryotic zinc transporters. The H. ducreyi znuA isogenic mutant shows a markedly decreased virulence when tested in a temperature-dependent rabbit model for experimental chancroid (25) . Glucose-6-phosphate dehydrogenase encoded by the zwf gene catalyzes the first enzymatic step in the pentose phosphate cycle. This pathway provides ribose for nucleoside synthesis and reducing equivalents in the form of NADPH for reductive biosynthetic and maintenance of the cellular redox state. Salmonella enterica serovar Typhimurium zwf mutant lacking glucose-6-phosphate dehydrogenase activity increases susceptibility to reactive oxygen and nitrogen intermediates and attenuates virulence in mice (26) . The ATP-binding cassette (ABC) transporters are active transport systems common in bacteria and eukaryotic cells. ABC transporters use the free energy of ATP hydrolysis to pump substances across the membrane against a concentration gradient into or out of cells (34) . The cydC gene of S. flexneri encodes the ABC transporter that is homologous to the CydC protein of E. coli, which leads to defective cytochrome bd expression. The cydC mutant of S. flexneri forms markedly smaller plaques, has markedly decreased intracellular survival, and shows a 100-fold increase in lethal dose for mice compared to the wild type (46) . Recently, the role of the ABC transporter in B. abortus virulence, which is homologous to Rhizobium meliloti ExsA, was described (36) . Decreased survival in mice of the B. abortus ABC transporter mutant compared to the survival of the wild-type strain shows that the ABC transporter is critical for full bacterial virulence (36) . The cydB and cydD genes are part of the operon cydDCAB. The cydB and cydD mutants are also defective for the intracellular growth of B. abortus and B. suis (14, 24) , suggesting that functional cytochrome bd oxidase is required for growth in an intracellular environment.
Since D-alanyl-D-alanine carboxypeptidase (DacF) contributes to the maintenance of cell shape in E. coli (28) , the enzyme would also contribute to the maintenance of cell shape in B. abortus and so may participate in its virulence. Consistent with this, the mtgA encoding monofunctional biosynthesis peptidoglycan transglycosylase of B. abortus is induced intracellularly (15) . Thus, class III mutants increased adherence to and internalization in HeLa cells, a result that may be because of the alteration of bacterial surface due to a lack of these biosynthesis pathways. B. abortus mutants with rough lipopolysaccharide are more adherent and enter Vero cells in greater numbers than the wild type (9) . These results suggest that differences in adhesiveness and invasiveness are correlated to the hydrophobicity of Brucella.
The pncA gene encoding pyrazinamidase is involved in the conversion from pyrazinamide to pyrazinoic acid. Pyrazinamide is an important antituberculosis drug, and mutation of pncA is a major mechanism of pyrazinamide resistance in Mycobacterium tuberculosis (38) . Unlike most antibacterial agents, pyrazinamide, despite its remarkable in vivo activity, has no activity against M. tuberculosis in vitro except at an acidic pH (47) . Presumably, pyrazinamidase would act under acidic environment. Vacuole acidification in phagocytic cells at a pH between 4.0 and 4.5 has been shown to be essential for intracellular survival during early infection by B. suis (33) . Pyrazinamidase may participate in the resistance of Brucella spp. to the acidic condition of the phagosome.
Several genes in the type IV secretion system that participate in bacterial adherence may decrease B. abortus virulence. Type IV secretion systems export four types of substrates: (i) DNA conjugation intermediates; (ii) the multisubunit pertussis toxin; (iii) monomeric proteins, including primase, RecA, and the Agrobacterium tumefacience VirE and VirF proteins; (iv) and Helicobacter pylori CagA protein (4) . However, the substrates of VirB secretion system of B. abortus remain unclear. Unidentified substrates may be involved in internalization into HeLa cells or macrophages.
Our earlier studies showed that bacteria move from the site of initial bacterial contact with the macrophages (22, 43) . The swimming of the bacteria lasts for several minutes, with generalized plasma membrane ruffling before enclosure in macropinosomes. In contrast, contact of the virB4 mutant with the macrophages results in much smaller ruffling that is restricted to the area near the bacteria. We did not observe the process of internalization into macrophages in HeLa cells (unpublished results). Therefore, signal transduction of internalization may be different between macrophages and HeLa cells. The intracellular-growth-defective mutants in HeLa cells isolated in the present study were also defective for intracellular growth in macrophages. These results indicate that the virulence-associated genes identified in the present study, including virB genes, contribute to intracellular growth in both HeLa cells and macrophages. Presumably, a factor exists that acts on only macrophages and that may be an effector molecule secreted by the VirB complex. This effector molecule should have important roles in B. abortus virulence and needs to be studied further.
